Abstract. We discuss the possibility of a feature in the spectrum of inflationary gravitational waves sourced by a scalar field χ whose vacuum fluctuations are amplified by a rapidly time dependent mass. Unlike previous work which has focused on the case in which the mass of the field χ vanishes only for an instant before becoming massive again, we study a system where the scalar field becomes and remains massless through the end of inflation as the consequence of the restoration of a shift symmetry. After applying appropriate constraints to our parameters, we find, for future CMB experiments, a small contribution to the tensorto-scalar ratio which can be at most of the order r ∼ 10 −5 . At smaller scales probed by gravitational interferometers, on the other hand, the energy density in the gravitational waves produced this way might be above the projected sensitivity of LISA, Ω GW h 2 ∼ 10 −13 , in a narrow region of parameter space. If there is more than one χ species, then these amplitudes are enhanced by a factor equal to the number of those species.
Introduction
Inflation generates a isotropic, homogeneous, flat Universe with a spectrum of scalar perturbations. On the top of this, inflation also produces a spectrum of primordial gravitational waves (PGWs) -see [1] for a recent review. The contribution to the graviton power spectrum produced by a pure de Sitter expansion with constant expansion rate H is [2] 
(1.1)
The above relation provides a simple and yet powerful prediction of inflation, which allows us to connect the energy scale of inflation to an observable quantity. While the stochastic background amplitude (1.1) of the spectrum of PGWs generated during inflation is model dependent and might be too small to be observable, the detection of PGWs through the Cosmic Microwave Background would certainly represent a major result -1 -in support of inflation. The current upper bound on tensor modes produced during inflation for a single field model is provided by the BICEP/Keck collaboration, that, after including other constraints from cosmological measurements, finds the limit r < .07 [3] , where r is the tensor-to-scalar ratio defined as r ≡ P T /P ζ 4.5 × 10 8 P T . Future CMB experiments aim at pushing this limit further. In particular, the next generation CMB-S4 experiment aims at a tensor-to-scalar ratio sensitivity of r ∼ 10 −4 [4] . Direct detection, in the near future, of the stochastic PGW background generated during inflation from amplification of vacuum fluctuations is unlikely due to CMB constraints [3] which yield an upper bound Ω GW h 2 10 −15 on the energy density of PGWs. Far future experiments such as BBO or DECIGO, however, aim at sensitivies of the order Ω GW h 2 ∼ 10 −15 − 10 −17 [5, 6] .
There has been an increasing interest in the possibility of disentangling the value of r from the energy scale of inflation by adding new sources of tensor modes. Such an interest was partly motivated by an early belief [7] that models of inflation in String Theory generally take place at such low energies that r is small and unobservable. Moreover, alternative mechanisms producing gravitational waves lead in general to a phenomenology that is much richer than that of the "standard" PGWs generated by the amplification of vacuum fluctuations, which have a featureless, slightly red power spectrum, do not violate parity, and do not present any detectable nongaussianities. In particular, models where the inflaton is coupled to gauge fields through a parity-violating interaction have been shown to be able to generate a spectrum of PGWs where all those properties of vacuum tensors are violated to some degree [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Reference [24] has considered the case where chiral fermions are sourcing PGWs. The possibility that the PGW spectrum shows some features implies, in particular, that those PGWs might even be directly detectable by interferometers, as first proposed in [25] and also discussed in [9, 11, 12, 19] (the work [26] refers to much of the literature on this topic).
Models generating additional tensor modes usually assume the existence of a sector whose finite momentum modes are for some reason excited during inflation and act as a classical source of tensors [25, 27] . One the simplest and most studied systems where a sector gets excited during inflation is that of a scalar field χ that interacts with the inflaton φ through the coupling [28, 29] 
with φ * a constant. If, as is the case during inflation, the spatial gradients of φ are negligible, the coupling (1.2) can be seen as an effective mass m χ = g |φ − φ * | for χ. When m χ crosses zero (that is, when φ crosses φ * ), quanta of χ with momenta up to ∼ g |φ| are excited [30] [31] [32] . Those quanta act in their turn as a source of gravitational waves, whose amplitude was first computed in [25, 27] and was found not to be competitive with that of the PGWs generated by the amplification of vacuum fluctuations, eq. (1.1). More specifically, by choosing the coupling g = 1 to maximize the effect, reference [25] found that the tensor-to-scalar ratio r sourced of the induced tensors was satisfying the condition r sourced r vacuum 5 × 10 −7 r vacuum .07 , (
which was leading to a small and unobservable r sourced 10 −8 even for the largest allowed r vacuum .07.
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The fact that the coupling (1.2) does not induce a sufficiently large amplitude of gravitational waves was interpreted [11] as a consequence of the fact that, after crossing 0, the value of m χ obtained from eq. (1.2) starts growing again, rapidly turning the excited modes of χ into nonrelativisic ones, which are a very inefficient source of gravitational waves. Based on this observation, in the present paper we will consider gravitational waves produced by a scalar χ that becomes massless during inflation through its coupling to a secondary field σ and stays massless afterwards (reference [27] studied, in a construction different from ours, the case where the mass m χ converged to a constant after the event of particle creation). In our model the mass of the field χ is controlled by a third field σ that undergoes symmetry restoration as a consequence of the dynamics of the inflaton. The mass of χ linearly decreases during its early evolution parameterized by a mass term −Λ 3 χ (t − t * ), and then becomes massless from the time t * through the end of inflation.
After subtracting unphysical divergences and applying appropriate constraints from CMB observations, we find that for a single scalar field χ the value of r sourced is subdominant with respect to the vacuum contribution r vacuum and can be at most of the order of ∼ 10 −5 . This value can be boosted by a factor N χ equal to the number of χ species.
On the other hand, at the smaller scales probed by interferometers, where we can ignore the constraints that originate from CMB observations, we find an absolute upper bound on the energy density of gravitational waves of Ω GW h 2 10 −12 (which again can be enhanced by a factor N χ ) which is obtained by saturating a number of inequalities. For "natural" choices of parameters, however, we expect to find values of Ω GW h 2 are a few orders of magnitude smaller. For comparison, amplitudes of the order of Ω GW h 2 ∼ 10 −13 would be detectable by LISA [26] .
Our paper is organized as follows. In Section 2, we discuss the model for both scalars χ and the spectator field σ as well as the equations for the gravitational waves. In Section 3, we calculate the evolution of χ and σ in the de Sitter background and χ's contribution to the graviton's power spectrum while also discussing our renormalization procedure for removing the divergences that are introduced when χ becomes massless. In Section 4, we constrain the parameters of our model by imposing both observational limits and perturbativity requirements. In Section 5, we discuss the maximal amplitude that might be attained by the PGWs produced by our mechanism. Finally in Section 6, we summarize our results and discuss possible future work.
Set Up
We examine graviton production in a 3 + 1 dimensional FLRW Universe with metric
where τ is conformal time and h ij is the transverse and traceless tensor which defines the gravitational waves, and whose equation of motion reads
where M P = (8πG) −1/2 is the reduced Planck mass, Π lm
is the transverse, traceless projector, Π ij = δ ij − ∂ i ∂ j /∆, and a prime denotes derivatives with respect to conformal time τ .
-3 -As we have discussed in the Introduction, our goal is to consider a scenario where the mass of a scalar field χ goes from a nonvanishing to a vanishing value during inflation. We do so by considering an additional field σ which controls the mass of χ and that behaves as an order parameter in a phase transition describing a symmetry restoration. More specifically, we will consider a system where a field σ and the inflaton ϕ are subject to a potential of the form
where V (ϕ) is some flat potential able to support inflation, λ is a dimensionless coupling constant, and µ is a mass dimension-1 coupling constant. The coupling between ϕ and σ would generally take the form µ 2 (ϕ − ϕ * ) σ 2 , where ϕ * is some constant value crossed by the expectation value of ϕ during inflation. However, we can always set ϕ * = 0 by an appropriate shift of ϕ. Reference [33] also studied a system where a field analogous to σ evolved towards a vanishing expectation value during inflation. In that paper, however, that field was not coupled to the inflaton, so that its evolution was more slow than in the present work.
We will assume without loss of generality thatφ > 0, so that the term proportional to µ in the Lagrangian (2.3) behaves like a negative mass squared term for σ at early times, triggering symmetry breaking, while at later times it behaves like a positive mass term, enforcing σ = 0. More explicitly, for ϕ < 0 the minimum of the potential for σ is σ min = ± − µϕ λ , while for ϕ > 0, the minimum is σ min = 0. We will assume that some earlier inflationary dynamics has chosen one of the two minima, say σ min = + − µϕ λ > 0 for the early value of the zero mode of the σ field.
Let us now introduce a third field χ, that will be our source of gravitational waves. The field χ interacts with σ through the lagrangian
where h is a dimensionless coupling constant. If σ tracks the minimum of its potential (we will see in Subsection 4.3 under which conditions this requirement is satisfied) then the mass of χ will be given by
where t * corresponds to the time when ϕ crosses 0. If the inflaton evolves under the usual slow-roll conditions then we can model its time evolution around t * as 6) so that the mass of χ reads
In the following section we will consider how the rolling of σ can lead to the production of quanta of χ which, in their turn, will act as a source of source gravitons.
-4 -In order to compute the amplitude of gravitational waves produced by quanta of the χ field, we must first characterize the production of quanta of the field χ induced by the timedependence (2.7) of its mass. For our subsequent analysis we will also need to study the fluctuations of the field σ which follows a similar calculation to that of χ. The fluctuations of σ can be studied using the standard formalism of Bogolyubov coefficients. Since the field χ stay massless after particle production, on the other hand, its superhorizon modes will not be evolving adiabatically after production of its quanta, and we will need a more subtle analysis, which we will present in subsection 3.2.
Production of quanta of σ
We will assume that the parameters of the model are such that the field σ is heavy (in units of the Hubble scale) for most of the evolution of the system. However, when ϕ crosses zero the field σ becomes temporarily massless, and quanta of σ are created by resonant effects. We decompose σ into a homogeneous σ 0 (τ ) and perturbed δσ(x, τ ) part
and we further decompose the fluctuations as
whereĉ ( †) are the ladder operators for δσ, and where the equation of motion for the canonically normalized fluctuations reads
with m 2 σ (τ < τ * ) = −2 µ ϕ(τ ) which shows that as ϕ approaches 0 the field σ becomes massless and the WKB approximation is not a good one for the evolution of its mode functions. This implies a resonant amplification of the quantum fluctuations of σ, that we study as it is usual [32] by switching to physical time, approximating ϕ(t) φ * (t − t * ), and neglecting the expansion of the Universe during the period of nonadiabaticity. In this regime, the equation for the mode functions of the rescaled field δσ p = a where H (1) ν (z) denotes the Hankel function of the first kind and where we have determined the integration constants assuming that the modes of σ are in their adiabatic vacuum at early times. For t > t * the quanta of σ become massive again, and their equation of motion reads
We decompose the field χ aŝ 12) where the (canonically normalized) mode functions satisfy
with m χ (τ ) given by eq. (2.7). We will assume that the parameters of the system are such that m χ evolves adiabatically, |(a m χ ) | a 2 m 2 χ for most of the time, and that the period in which the adiabaticity condition is violated, close to the time when m χ = 0, is much shorter than an Hubble time, which implies the condition
We can now determine the mode functions during the nonadiabatic regime by switching from conformal to physical time, neglecting the expansion of the Universe during this epoch, and introducing the rescaled field χ = a 
whose solution for t < t * , reducing to the adiabatic vacuum at early times, can be written as
For τ > τ * the scalar is massless, so that its mode functions are given by 17) where the constants c + and c − are determined by imposing continuity of χ c and of its first derivative at τ * , so that
Note that in the Minkowski limit H → 0, τ * = −H −1 → ∞ the coefficients c + and c − converge to the Bogolyubov coefficients, respectively α and β, in Minkowski space provided in -7 -Appendix A. In a de Sitter background, however, the interpretation c + and c − as Bogolyubov coefficients associated to the occupation number of χ particles is not rigorous, since for τ > τ * the superhorizon modes of χ are not evolving adiabatically. Moreover, we do not expect the coefficients (3.18) to be accurate for modes that were superhorizon, k/a * < H, at the time τ * , since the solution (3.16) has been found under the assumption that the Hubble parameter is negligibly small, so that those modes are not accounted for. Since Λ χ H, however, we believe that the error is negligible, and, as we will show below, we will still be able to effectively study the production of χ through a subtraction method.
Production of gravitational waves
We now calculate the spectrum of gravitational waves sourced by the field χ. The graviton h ij obeys eq. (2.2), where the spatial components of the stress-energy tensor for theχ operator, expanding to first order in h ab , is given by
where the dots denote terms that are second or higher order inĥ ij and the terms that are proportional to δ ij and are projected out by Π ab ij . Next, we writeĥ ij asĥ
ij is a solution of the homogeneous equation h ij + 2 a aĥ ij − ∆ĥ ij = 0. Therefore, to leading order, the equation forĥ 
Using the fact that h (0) ij and χ are uncorrelated, we find the graviton correlator as the sum of three terms
22) where
is the standard vacuum contribution, while
is the contribution that originates from the term proportional to χ 4 in h 24) comes from the cross term between h (0) ij and the part proportional to h (0) ij in eq. (3.20) . Notice that, since we are evaluating the amplitude of the tensors produced at times t > t * , we will set m χ = 0.
The existence of the two contributions P 11 T and P 01 T can also be derived in the context of the in-in formalism, and originates from the two different diagrams presented in [34] .
Obtaining finite quantities
To evaluate P 01
T and P 11 T we use Wick's theorem, so that we have to evaluate correlators of the form χ(k 1 , τ 1 )χ(k 2 , τ 2 ) , that need to be renormalized. If we were to perform this calculation on a Minkowski background, we would have a straightforward and physically transparent way of performing such a renormalization. On a Minkowski background, in fact, the frequency of the fieldχ (which is just its momentum) evolves adiabatically after τ * , so that we can fully use the formalism of Bogolyubov coefficients. This means that we would decompose the field in terms of new creation/annihilation operatorsb
k , where theb k operator multiplies the positive frequency component of the mode functions ofχ for times τ > τ * , when the frequency of the modes ofχ is adiabatically evolving. Then we would normal order theχ(k 1 , τ 1 )χ(k 2 , τ 2 ) operator in terms of theb 
we would obtain
As we will also discuss in Appendix A, the prescription (3.26) above is equivalent to setting 27) where, in the case of particles on a Minkowskian background,χ(p, τ ) =
corresponds to the mode functions in the absence of particle creation, Λ χ → 0. In its turn, this means that the procedure presented above corresponds precisely to that of adiabatic regularization, -9 -where one subtracts from the UV-divergent propagator its adiabatic part to obtain a finite result.
Let us now go back to the production of quanta ofχ in de Sitter space. As discussed above, since we are talking about massless particles in de Sitter space, we have ω 2 = k 2 −2/τ 2 that for k −1/τ is not evolving adiabatically. Therefore the prescription (3.26) cannot be applied to this case. However, the prescription (3.27) , that on a Minkowski background is equivalent to (3.26) , can be applied to our de Sitter background, once we set
(3.28)
Based on the above considerations, we will use 29) where the function χ(p, τ ) is given by eq. (3.17) with the integration constants given by eq. (3.18), whereasχ(p, τ ) is obtained by setting Λ → 0 in χ(p, τ ), so that
with
This prescription is analogous to that used for instance in [29] .
Evaluation of the tensor power spectrum
Let us now evaluate P 11 T and P 01 T .
• P 11 T . To calculate P 11 T we need the following expression, that allows us to compute the factor proportional to the transverse-traceless projectors
After taking the limit τ → 0, so that we evaluate the effects at the end inflation, when the relevant scales are well outside of the horizon, we obtain
We have integrated the above expression numerically and a plot for Λ χ = 10 H, 20 H and 30 H is shown in the left panel of Figure 2 as a function of −k τ * . In the right panel of Figure 2 we plot the amplitude of P 11 T at the peak −k τ * 3 as a function of Λ χ /H. That figure shows that the amplitude of the spectrum P 11
T at its peak scales, for Λ χ H, as
-10 - The solid line corresponds to the fit P
11
T (−k τ * = 3) = 2.5 × 10
, the red bullets correspond to numerical evaluation of the integral (3.33). • P 01
T . The relevant correlator is computed from 35) where the graviton correlator is given by
Taking τ → 0, we obtain an expression for P 01 T that can be integrated numerically for various values of Λ χ /H. Spectra for Λ χ = 10 H, 20 H and 30 H are given in the left panel of Figure 3 . As we see, the spectra have a peak at −k τ * 2. In the right panel of Figure 3 we show the amplitude of 2 Re P 01 T (−k τ * = 2) as a function of Λ χ . The numerical fit shows that the amplitude of 2 Re P 01 T at its peak is well approximated
Since this is a factor ∼ H 2 /Λ 2 χ smaller than the amplitude of P 11 T , we conclude that P 01
T gives a negligible contribution to the spectrum of gravitational waves produced by the quanta of χ.
Before concluding this Section we note that the scalings P 01 T ∝ Λ 3 χ and P 11 T ∝ Λ 5 χ agree with the scalings found on a Minkowski background, see Appendix A, where the Bogolyubov coefficients are well defined. This finding lends support to the validity of the subtraction procedure outlined above.
Constraints on the parameter space of the model
We have seen in the previous Section that the amplitude of gravitational waves induced by the quanta of χ goes, for large values of Λ χ , as ∼ 10
λφ * . The energy scale Λ χ can be in principle very large and might lead to a very large amplitude of induced gravitational waves. In this section we focus on the specific model described in Section 2 to evaluate the constraints on the parameter space of this scenario and the maximum possible amplitude of P 11
T . Consistency of our analysis will require a number of conditions that we will now detail.
Perturbativity of Coupling Constants
This condition is simple:
Masses of σ and χ
We require that σ and χ be massive and cosmologically irrelevant for most of the evolution of the system, with the exception of a short period (much less than one efold) around the time t * . Since the masses of those fields are proportional to Λ 3 σ,χ |t − t * |, this condition is equivalent to requiring
Evolution of the zero modes
We require the validity of the approximate dynamics described in Section 2. Therefore the dynamics of the zero mode ϕ should not be affected significantly by the interactions with σ, and σ should follow the instantaneous minimum of its potential, σ −µ ϕ/λ. The equations of motion for the zero modes ϕ 0 and σ 0 arë
We parametrize the potential near ϕ = 0 as 4) where and η are the (constant) slow roll parameters. Then, performing the following redefinitionsH
we can rewrite the background equations as
where a prime denotes a derivative with respect toH t. Then the conditions
are sufficient to guarantee thatφ √ 2 H (t − t * ),σ −φ, andH 1 provide good approximations to the actual solutions for our system for a few efoldings around t = t * . The equality g σ = Λ 3 σ /(2 √ 2 H 3 ) implies that the condition g σ √ 2 1 is identically verified since we are already assuming Λ σ H. Therefore we conclude that the only new condition required for the background dynamics is just g φ 6 |η|, which is equivalent to
We show in Figure 4 the numerical solutions of equation 4.6, which we labelφ N ,σ N , and H N , along with the analytical approximations:φ = √ 2 t ,σ = − √ 2 t , andH = 1/( t + 1) wheret =H(t − t * ). The constants chosen for the numerical solutions are = 0.0045 , η = n s − 1 + 6 2 −0.0065 ,
where we have fixed .07/16 by imposing that the "vacuum" tensor spectrum has maximum amplitude, while η is determined by setting the spectral index n s = .96. Finally, g φ and g σ are determined by saturating the inequalities that appear below in Section 5. Even if for this choice of parameters the inequalities of Section 5 are fully saturated, Figure 4 shows that the analytical approximation for the evolution of the zero modes σ 0 and ϕ 0 does provide an excellent approximation of the exact evolution of the system. 
Scalar perturbations before the event of χ production
We require that the metric perturbations are simply given by the usual single field formula
Well before the event of particle production, that is for t t * − Max Λ −1 χ , Λ −1 σ our system is in general described by two fields, ϕ and σ, since χ is vanishing and irrelevant at this stage. The general expression for the curvature perturbation is
Since the fluctuations of the field σ are heavy at those times, m 2
H 2 , we can neglect δσ in the equation above. Moreover, since the fluctuations of the field ϕ become constant in the super horizon limit, we can neglect the term in δφ. As a consequence, the expression for ζ simplifies to
In order to simplify this expression to its standard single field form we will then impose the following two requirements
It is straightforward to see that condition (i) is equivalent to the requirement that that term in σ 0 in eq. (4.6) be negligible. This implies that condition (i) is satisfied whenever eq. (4.8) holds. Condition (ii) is equivalent to
which we want to be satisfied for at least |t − t * | Λ −1 σ , leading to
(4.14)
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Energy density in the fluctuations of σ
Since the fluctuations of σ are sourced by the inflaton, energy conservation requires the energy density in those fluctuations to be smaller that the inflaton's kinetic energy. We can compute the number density of σ using the Bogolyubov coefficients computed in Subsection 3.1 above, obtaining
while the energy density reads approximately
Approximating ϕ φ * (t − t * ) and a * /a e −H(t−t * ) , we see that ρ σ is maximized for t − t * (6 H) −1 , where it evaluates to
that we require to be smaller than the kinetic energy of the inflatonφ 2 * /2, leading to the constraint
Energy density in the fluctuations of χ
By an argument analogous to that of the previous subsection we require the energy in the χ particles to be smaller than the kinetic energy in the zero mode of the σ field. Inserting eqs. (3.17) and (3.18) into the expression for the energy in modes of χ, 19) we obtain an expression that is ultraviolet divergent. To make it finite we subtract off the energy in the mode functions computed for Λ χ = 0, 20) where the functions χ p andχ p are given in eqs. (3.17) and (3.30) above. Numerical integration then gives the result
that is maximal when a = a * . Since quanta of χ are produced by the rolling of the field σ, energy conservation requires ρ χ 1 2σ (t prod ) 2 where t prod is the time at which the production of most of the quanta of χ occurs. We note that, for t < t * , σ(t) ∼ µ λφ * (t * − t), so thatσ is divergent as t → t * . However, the production happens at a typical time of the order t t * + O(Λ −1 χ ). As a consequence, we will impose ρ χ
χ /h 2 , leading to the constraint h 30 that is always satisfied since we require h 1 by perturbativity.
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Effect of the fluctuations of σ on the metric perturbations
We next consider how the fluctuations in σ will affect the fluctuations in ϕ. In particular, we want to make sure that those induced fluctuations in ϕ are small compared to the scalar perturbations measured in the CMB. Since the fluctuations of σ are significant only after t * we set σ 0 = 0 so that we are left with the following equation for the fluctuations in ϕ:
which we solve as
where the Green's function reads
We are ultimately interested in the power spectrum for the fluctuations in ϕ so we first calculate the correlator,
× dp dp
The correlator for σ is given by an equation analogous to eq. (3.26), with the modes for δσ quickly becoming nonrelativistic after t * since m σ ∼ µφ * (t − t * ) continues to grow. As a consequence, dropping the terms that are quickly oscillating, we obtain dp dp δσ(p, τ )δσ
Also, we will compute the correlator for modes that are well outside of the horizon at the end of inflation, so that we can set τ → 0 in eq. (4.25). Collecting everything we get
To calculate the momentum integral, we note that the integral in dp gets most of its contributions by p = O(Λ σ a * ). On the other hand, the temporal function of τ * forces
O(Λ σ a * ). Therefore we can neglect the k-dependence inside the momentum integral, so that the second line of eq. (4.27) can approximated by dp 2 |β σ (p)| 4 + |β σ (p)| Thus we finally find the power spectrum of fluctuations in δϕ induced by the fluctuations in δσ
where f (y) .51
is plotted in Figure 5 and is maximized at y 3 where it evaluates to 1.7 × 10 −5 . To sum up, the requirement that the metric perturbations induced by the interactions between the inflaton and the field σ do not exceed the measured amplitude of the scalar power spectrum leads to the constrainṫ 31) or, equivalently,
Before concluding this Section, we note that the sourced scalar perturbations will obey non-gaussian statistics and would be in principle subject to the strong constraints from the Planck satellite on the amplitude of equilateral bispectra [35] . However, those strong constraints hold when the nongaussian component of the scalar perturbations has a (quasi) scale invariant component. Since the contribution (4.29) is strongly scale dependent, we do not expect the non-observation of equilateral nongaussianities to constrain the parameter space of the model more strongly than eq. (4.32), similarly to what was found in [16] .
5 How large of a spectrum for induced PGWs can be generated?
The spectrum of produced gravitational waves is proportional to Λ 5 χ , and in this Section we estimate how large Λ χ can be once the constraints of the previous section are enforced. The constraints found in the previous section can be summarized as follows
besides the perturbativity requirements h, λ < 1.
Detectability at CMB scales
Let us first consider the maximal amplitude of the sourced gravitational waves at CMB scales, where the dynamics of the inflaton is constrained by CMB observations. First, we trade M P for H and using COBE normalization 2 10 7 H 2 /M 2 P :
We now note, first, that h appears only in condition (ii). In order to maximize the volume of our parameter space while remaining within the perturbative regime we set from now on h = 1. Moreover, we note that, once the perturbativity requirement λ < 1 is imposed, conditions (i), (iii), (iv), (v) and (vi) reduce simply to conditions (i) and (iii). Therefore we are left just with
We remember that we are seeking to maximize Λ χ /H, which is proportional to (µ/(λ H)) 1/3 . Trading µ for Λ χ in the equations above by using we obtain the following constraints
where Λ χ is maximized by setting
From now on we set |η| = .02 to fix ideas (this is the value one obtains if one assumes that gives a negligible contribution to the scalar spectral index n s = 1 + 2 η − 6 .96). Then, trading µ for r sourced = 10 3 Λ 5 χ /(H M 4 P ) and for r vacuum = .8 × 10 8 H 2 /M 2 P , so that r sourced r vacuum r vacuum 0.07
We conclude therefore that the sourced component, in the case of a single χ species, can give at most a O(.1%) contribution to the vacuum contribution to the primordial spectrum of tensors, and that such a situation is obtained in the regime where the vacuum contribution is maximal while in agreement with the existing observational constraints. Figure 6 shows the constraint plot for the allowed value of µ and λ with constant lines r using the above relations. We finally note that Figure 4 shows an excellent agreement between the analytical approximation and the actual numerical solution to the background evolution equations. In that Figure, the constraint (iii) above, which limits the amplitude of the sourced tensors, is fully saturated. Therefore, it is possible that the constraint (iii) might even be violated by a factor 10 or so without changing significantly the dynamics of the system. This in turn implies that the bound (5.7) might be slightly too restrictive. We do not expect, however, this consideration to significantly affect our conclusion that the sourced component is well subdominant with respect to the vacuum one, at least in the case of a single (or a few) χ species.
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Direct detectability by gravitational wave interferometers
Next, we ask the question of whether it would be possible to obtain tensors with a larger amplitude at smaller scales directly probed by gravitational interferometers such as Advanced LIGO or LISA [26, 36] . While, on the one hand, the sensitivity of those experiments to primordial gravitational waves is much weaker than that of CMB polarization, on the other hand the system is not subject to the constraints imposed by CMB observations. In the case of production of primordial gravitational waves by the amplification of vacuum fluctuations of gauge fields, this allows for observable gravitational waves at interferometer scales [25] .
In the case of the present model, however, the upper bound (5.7) is imposed by conditions (i) and (iii) above, which in turn derive just from the requirement of the consistency of the background dynamics, and do not depend strongly on the CMB constraints. The only difference is that we can disentangle and H by not imposing the COBE relation 2 10 7 H 2 /M 2 P . More explicitly, by imposing h = 1, we obtain
Now, all inequalities (5.1) are best satisfied when and |η| are largest. When both slow roll parameters are of the order of the unity, the most stringent among those inequalities are again (i) and (iii). If we saturate them we obtain
Finally, we note that energy conditions require that the value of the Hubble parameter at the smaller scales probed by CMB interferometers must be smaller than the value of the same quantity at CMB scales, which is constrained by observations to H = 1.1 × 10 −4 √ r vacuum M P < 3 × 10 −5 M P . As a consequence we get the absolute upper bound
While this figure, for large values of η, = O(1), is above the projected sensitivity of LISA, Ω GW h 2 10 −13 in its most optimistic configuration, we should stress that it has been obtained by saturating a few "much larger" inequalities: X Y → X = Y and that the "natural" value of the slow roll parameters, at these scales that exit the horizon closer to the end of inflation, is of the order of ∼ 10 −1 . Therefore we are led to the conclusion that our scenario will generally not lead to a detectable effect at the LISA level. It is worth stressing, however, that a feature in the inflationary potential leading to larger values of and η, along with the presence of a number N χ > 1 of χ species that will enhance our effect by a factor N χ , might be able to bring it into the observable window without requiring a huge stretch of parameters.
Conclusions
Production of inflationary gravitational waves by resonant production of scalars, first studied in [25] (see also [11, 27, 34] ) is known to be inefficient. The main cause of such inefficiency is attributed [11] to the fact that, in the model of [25] , the scalar that sources gravitational waves becomes very massive soon after the event of particle production. This observation has -20 -motivated us to study a similar mechanism in the case of a system that undergoes symmetry restoration: a scalar χ, whose mass is controlled by an order parameter σ suddenly goes from massive to massless.
We have found that the amplitude for the spectrum of gravitational waves obtained in this scenario is indeed larger by some orders of magnitude than that of [25] . More specifically, if we impose CMB constraints, the sourced component of tensors can yield a sourced tensorto-scalar ratio as large as r sourced ∼ 10 −5 per χ species (in [25] the corresponding figure was ∼ 10 −8 ). Since the largest value of r sourced ∼ 10 −5 is obtained under the assumption that the vacuum contribution to the tensor spectrum is the largest one compatible with current observations, r vaucuum = .07, we expect that detection of the sourced component, even in the most optimistic scenario, and possibly assuming a O(10) boost factor to account for multiple χ species, will be extremely challenging. The main signature of the sourced component would be an oscillating feature on the top of the spectrum of the smooth vacuum component.
If we relax the constraints from CMB and simply require that the inflaton is still in slow roll ( , |η| < 1) then we can get a contribution to the energy density on gravitational waves Ω GW h 2 that in our case can be as large as 10 −12 per χ species (in [25] the corresponding figure was ∼ 10 −20 ). This situation is relevant for smaller scales, where the constraints from CMB do not hold, and that would be of interest for gravitational interferometers. For reference, the projected sensitivity of LISA is Ω GW h 2 10 −13 [26] . We stress, however, that the maximum amplitude Ω GW h 2 ∼ 10 −12 is obtained in our model by looking at a very narrow, and unlikely even if not forbidden, portion of parameter space. It would be interesting to perform a more detailed, possibly fully numerical, analysis of the resulting spectrum in a concrete model of inflation.
Finally, we note that if the symmetry that gets restored is a gauge symmetry, then the mechanism discussed in this paper would lead to the generation of gauge bosons. In [11] it was shown that, for models where the produced particle becomes massive shortly after production, the spectrum of gravitational waves sourced by vectors had the same amplitude as that sourced by scalars (times a factor that accounted for the different number of degrees of freedom). It is not obvious, however, that such a result would hold also for vectors. Moreover, one of the two most constraining factors (i) and (iii) of Section 4 that limits the amplitude of the sourced tensor component does emerge from the requirement of the consistency of the background dynamics for this very specific model. It would be interesting to study whether other mechanisms that lead to symmetry restoration during inflation could give different results. We plan to attack these questions in future work.
A.2 Generation of gravitational waves
The equation of motion for the graviton in Minkowski space reads
where the spatial components of the stress energy tensor, expanding to first order in h ab , read
where the dots denote terms that are second or higher order in h ab and terms that are proportional to δ ab and are projected out by Π ab ij . Next, we write h ij as h
ij , where h (0) ij is a solution of the homogeneous equation h (0) ij − ∆h (0) ij = 0. Therefore, to leading order, the equation for h (1) ij is solved by
(A.12) where the Green's function for the graviton on Minkowski space reads
Using the fact that h (0) ij and χ are uncorrelated, we find the graviton correlator to leading order as
(A.14) where
is the standard vacuum contribution that we will ignore in this section devoted to the production of gravitational waves in Minkowski space. Next we have
that originates from the term proportional to χ 4 in h 16) that comes from the cross term between h (0) ij and the part proportional to h (0) ij in eq. (A.12). Let us now evaluate P 11 T and P 01 T .
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• P 11 T . To properly calculate particle production in a time-dependent background we decompose χ using adiabatic mode functions and operators
where α p and β p are the Bogolyubov coefficients which diagonalize the Hamiltonian, and that are evaluated when χ is massless. Using Wick's theorem to reduce the fourpoint function of χ we find
The first term produces a disconnected term, δ (3) (k) δ (3) (k ), which we remove 1 and the remaining two terms are equivalent. After normal ordering the b ( †) operators, the scalar correlator reads : χ(p, t )χ(q, t ) : = δ (3) (p + q) p |β p | 2 cos p (t − t ) + Re α p β * p e
−i p (t +t ))
.
(A. 19) It is important, and will be relevant for the discussion in Section 3.3.1 in the main text, to note that the prescription (A.19) above is equivalent to setting χ(p, t )χ(q, t ) = δ (3) (p + q) χ(p, t ) χ(p, t ) −χ(p, t )χ(p, t ) , (A. 20) whereχ(p, t) = e −ipt √ 2 p corresponds to the mode function in absence of particle creation, Λ → 0.
After performing the momentum summation as in eq. (3.32) in the main text, we find where we have used k·p = k p cos θ. We have computed the above integral numerically. Plots of P 11 T times M 4 P /k 4 are shown in Figure 7 for Λχ k = 10, 20, 30. The maximum 1 We actually want the graviton variance σ 2 h = (h − h ) (h − h ) so that the h h term also produces a disconnected term which cancels with this one.
-24 - occurs around x = kt ≈ 2.65, and a numerical fit shows that the amplitude of the tensor spectrum at its peak goes as The above result shows that P 11 T ∝ Λ 5 χ /M 4 P , in accordance with the result obtained on a de Sitter background in the main text.
• P 01
T . Since h (0) ij and χ are uncorrelated, the expectation value . . . in eq. (3.24) splits into the product hh χχ . To compute the graviton two-point function in momentum space we use the Minkowski decomposition In order to proceed we also need the quantity χ(p, t )χ(q, t ) = δ (3) (p + q) p |β p | 2 cos p (t − t ) − Re α p β * p e
. (A.27) Using the above, we can write the power spectrum as, Examining the UV behavior of this integral we find that it diverges logarithmically since in the UV the integrand goes as dp p . We integrate up to p U V = 50Λ χ to estimate the integral numerically. A plot for Λ χ /k = 10, 20, 30 is shown in Figure 8 and shows that the first peak for all values of Λ χ occurs around k t ≈ 2.37. Using this value of k t we find that the power spectrum at its peak is approximated by Again, we note that the above result has the same scaling ∝ Λ 3 χ /M 4 P as that obtained in the de Sitter calculation of the main text.
We finally observe that the two point functions P 11 T and P 01 T oscillate with constant amplitude. This is due to the fact that in Minkowski space the gravitational waves to not dilute away. On a de Sitter background, the amplitude will decrease on timescales of the order of H −1 .
